de Menezes RC, Zaretsky DV, Sarkar S, Fontes MA, DiMicco JA. Microinjection of muscimol into the periaqueductal gray suppresses cardiovascular and neuroendocrine response to air jet stress in conscious rats.
IN RESPONSE TO ENVIRONMENTAL stress, the mammalian central nervous system generates a response consisting of an integrated pattern of endocrine and autonomic changes that are aimed at enhancing the probability of the organism's survival. These responses are characterized by increases in heart rate (HR), mean arterial pressure (MAP) and plasma concentration of ACTH, and changes in behavior. Although these peripheral changes have been well characterized, the central pathways and mechanisms involved in their generation have only been recently and incompletely elucidated. One of the paradigms that has been employed in studies of these central mechanisms is air jet stress, which has been shown to elicit all of the above changes in conscious rats (2, 29, 44, 46, 47, 54) . Depending upon the exact model employed, air jet stress may involve elements of psychological, physical, and even cold stress. The increases in HR, MAP, and plasma ACTH seen in this paradigm appear to be dependent upon the activation of neurons in the dorsomedial hypothalamus (DMH) (44, 46, 47) . Disinhibition or activation of neurons in the DMH can induce increases in HR, MAP, locomotor activity, and in plasma ACTH that resemble the responses observed during stress (14 -16, 23, 37, 43, 45, 53) . Although the increases in plasma ACTH evoked by disinhibition of the DMH are likely to be mediated through direct projections to the nearby paraventricular nucleus (PVN), the increase in HR evoked by disinhibition of the DMH, or by air jet stress can be suppressed by inhibiting neuronal activity in the rostral raphe pallidus (rRPa) (37, 54) . This finding, together with correlative anatomical data, suggests that tachycardia evoked from the DMH and, accordingly, in air jet stress is mediated through a direct projection to neurons in the rRPa (36) .
Interestingly, however, the increases in MAP and HR evoked by stimulation of the DMH are also reduced after microinjection of either muscimol, a GABA A receptor agonist and neuronal inhibitor, or ionotropic glutamate receptor antagonists into a specific region of the lateral/dorsolateral column of the periaqueductal gray (l/dlPAG) (14 -16) . The periaqueductal gray (PAG) is a mesencephalic region that has been proposed to play a role in specific cardiovascular changes associated with different emotional behaviors observed during the defense reaction (4, 5, 9, 11, 12) . This region is divided into distinct columns, the stimulation of which result in different patterns of effects that are thought to be associated with active or with passive responses during threatening situations (4) . Previous studies have shown that while stimulation of the ventrolateral column of the PAG (vlPAG) reduces HR, MAP, and locomotor activity (4, 5, 9, 10) , stimulation of the l/dlPAG generates increases in HR and MAP (15) that resemble the responses observed during air jet stress or after disinhibition of the DMH. Therefore, neurons in the l/dl PAG have been suggested to represent a descending relay mediating autonomic responses evoked from the DMH (14 -16).
Thus, because 1) the DMH has been shown to play a key role in the physiological changes seen in air jet stress, including increases in HR and MAP, and 2) increases in HR and MAP evoked from the DMH can be suppressed by inhibiting neurons in the l/dl PAG, it seems plausible that activity of neurons in the l/dl PAG plays a role in the generation of air jet stress-induced physiological changes. Support for this idea comes from recent studies employing phosphorylated cAMP response element binding protein (pCREB) phosphorylation and expression of fos protein as markers for neuronal activation, which suggest that neuronal activity in the PAG (including both l/dlPAG and vlPAG) is increased during experimental stress or anxiety (6, 28) . However, Lam and colleagues (26) reported that bilateral excitotoxic lesions of the dorsal PAG using high doses of N-methyl-D-aspartate (NMDA), while reducing the reflex HR responses to fluctuations of MAP, failed to affect the increases in HR and MAP seen in this paradigm.
Therefore, we tested the hypothesis that neuronal activity in the PAG plays a role in the increases in HR and MAP seen in air jet stress in rats by examining the effect of acute microinjection of muscimol into the l/dl PAG on the physiological responses evoked during air jet stress. We also examined the role of glutamate receptors in this region employing microinjections of 2-amino-5-phosphonopentanoate (AP5) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), antagonists of NMDA and AMPA subtypes, respectively. Surprisingly, we found that not only stress-induced increases in MAP and HR but also the accompanying increases in plasma ACTH were suppressed by inhibition of the l/dl PAG with muscimol.
METHODS
All experiments were performed on male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA) weighing 290 -220 g (n ϭ 33). Animals were housed individually and maintained in a 12:12-h light-dark cycle. Free access to water and food were allowed. All procedures conform to the regulations set forth by National Institutes of Health and were approved by the Institutional Animal Care and Use Committee.
The Dataquest telemetric system (Data Sciences, St. Paul, MN) was employed for measurement of HR and MAP. Animals were anesthetized with ketamine and xylazine (80 mg/kg ketamine and 11.5 mg/kg xylazine ip), and the flexible catheter of a telemetric probe (Data Sciences) was implanted into the aorta through the right femoral artery. The transmitter body was placed in the abdominal cavity and sutured to the abdominal wall.
Five days after the transmitter implantation, the rats were reanesthetized (80 mg/kg ketamine and 11.5 mg/kg xylazine ip), and guide cannulas (26 gauge, Plastics One, Roanoke, VA) were implanted bilaterally for microinjection of drugs into the PAG, as described previously (14 -16) . Briefly, rats were placed in a stereotaxic apparatus with the incisor bar positioned at 3.5 mm below the interaural line. For the l/dlPAG, target coordinates were 7.8 mm posterior, 0.7 mm lateral, 4.8 mm ventral relative to bregma. The guide cannulas were secured by two screws, Vetbond glue, and dental acrylic. Dummy cannulas were inserted into the guides, and animals were returned to their home cages for recovery. At least 5 days were allowed for recovery before beginning one of the experimental protocols described below.
All experiments were performed as follows in a room in which the temperature was maintained at 24 -25°C. On the day of the experiment, animals were brought to the experimentation room and positioned on a telemetry plate receiver in their home cage 2 h prior to the beginning of the protocol. The experiment commenced only after stabilization of physiological parameters (HR, MAP, and locomotor activity) for at least 15 min. Microinjections were performed with a bilateral microinjector (33 gauge, 1 mm longer than the guide cannula; Plastics One, Roanoke, VA) connected to a 10 l Hamilton syringe with Teflon tubing (ID 0.12 mm; OD 0.65 mm; Bioanalytical Systems, West Lafayette, IN). The syringe was mounted in an infusion pump (KD Scientific, Holliston, MA) that was used to deliver 100 nl of injectate over 30 s. The microinjection was considered successful if, immediately after removal of the microinjector, flow appeared within 3 s after the pump was reactivated, indicating that the injector was not clogged. After the microinjection, all rats were subjected to a 20-min period of air jet stress, in which the rat was placed in an acrylic restraining tube and subjected to a stream of air directed at the animal's head at a rate of 40 l/min, as described previously (46, 47, 54) .
The first series of experiments examined the effect of microinjection of muscimol (300 pmol/100 nl) into the caudal or rostral l/dlPAG bilaterally (n ϭ 10 and n ϭ 4, respectively) on the increases in HR and MAP evoked by air jet stress. Each rat was subjected to two different trials 2 days apart and in random order in which either saline vehicle (100 nl) or muscimol (300 pmol; Sigma, St. Louis, MO) was microinjected bilaterally into the l/dlPAG followed 5 min later by air jet stress for 20 min. This dose of muscimol (300 pmol/100 nl) was chosen based on the study of de Menezes and colleagues (16) , which demonstrated that microinjection of this dose in the l/dlPAG was effective in reducing the physiological responses evoked by disinhibition of DMH.
The second series of experiments examined the effect of microinjection of a combination of glutamate receptor antagonists into the caudal l/dlPAG bilaterally (n ϭ 6) on cardiovascular changes produced by air jet stress. Each rat was subjected to two different trials 2 days apart and in random order in which either saline vehicle (100 nl) or a combination of the glutamate receptor antagonists AP5 (200 pmol; Sigma) and NBQX (100 pmol; Sigma) was microinjected into the l/dlPAG in a volume of 100 nl followed 5 min later by air jet stress for 20 min. This dose of AP5 was selected because microinjection of 100 pmol of AP5 into the DMH was shown previously to produce a selective blockade of local NMDA receptors and to reduce the increases in HR and MAP seen during air jet stress (44) . The dose of NBQX employed was demonstrated in a similar microinjection study in the amygdala to reduce the increases in HR and MAP produced by microinjection of bicuculline methiodide (BMI) in the same region (41) .
The third series of experiments examined the effect of microinjection of muscimol into the caudal l/dlPAG on increases in plasma ACTH levels evoked by air stress (n ϭ 6). For these experiments, no telemetric probe was employed, but a femoral arterial catheter was implanted 5 days after implantation of guide cannulas in the caudal l/dlPAG. Animals were reanesthetized, and the femoral arterial catheter (1 cm of a 6-cm length of Teflon leader tubing inserted into a 20-cm length of Tygon tubing; Small Parts, Miami Lakes, FL) was implanted, routed subcutaneously, and exteriorized in the area between the shoulder blades, fixed to a harness (Kent Scientific, Torrington CT), and flushed with saline. Each rat was subjected to two different trials 2 days apart and in random order, in which either saline vehicle (100 nl) or muscimol (Sigma; 300 pmol) was microinjected into the l/dlPAG followed 5 min later by the air jet stress for 20-min duration. A blood sample (0.35 ml) was collected at t ϭ Ϫ5 min (5 min before the beginning of stress) and again at the end of the stress procedure (i.e., at t ϭ 20 min) using a tuberculin syringe containing 0.06 ml of a mixture (1:1) of 20 mg/ml EDTA and aprotinin (Sigma). After withdrawal, the blood sample was immediately transferred to chilled Eppendorf tubes and centrifuged to obtain plasma that was stored at Ϫ80°C until analysis. ACTH was measured by radioimmunoassay, as described previously (27) .
In all microinjection experiments, the injectate was mixed with fluorescent microspheres (FluoSpheres, 0.04 m, 5% of solids) to mark the site of injection. The solution of microspheres represented 10% of the total drug solution. At the completion of experiments, rats were deeply anesthetized with pentobarbital sodium (80 mg/kg ip) and subjected to transcardial perfusion with 60 ml saline followed by 120 ml 4% buffered paraformaldehyde in 0.1 M phosphate-buffered saline. The brain was then removed, stored in 4% buffered paraformal-dehyde overnight, and then transferred to a 30% sucrose solution until saturation. Coronal sections (40 m) at the level of the PAG column were cut on a cryostat, mounted on slides with Vectashield HardSet Mounting Medium (Vector Laboratories, Burlingame, CA), and coverslipped. Slides were analyzed using a microscope Leica DM LB with a fluorescent digital camera (Diagnostic Instruments, Starling Heights, MI). Sites of injections were approximated using the atlas of Paxinos and Watson (35) .
A final series of experiments examined the expression of Fos protein in the l/dlPAG after air jet stress. In these experiments, naive rats were brought to the experimental room 5 h before the commencement of the experiment to allow acclimatization. Animals were then divided in two groups: one group (n ϭ 3) was subjected to 20 min of air jet stress as described above, while the other (n ϭ 4) remained in their home cage as controls. Ninety minutes later, the animals were deeply anesthetized with pentobarbital sodium (60 mg/kg body wt ip), and then perfused transcardially with 40 ml of saline (0.9%) containing 15 000 U/I heparin sulfate for 30 ϭ 40 s followed by 120 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 10 -15 min. After perfusion, the brains were removed and postfixed by immersion in paraformaldehyde 4% for 2 h at room temperature. Brains were then transferred to sucrose 20% in 0.01 M PBS overnight at 4°C for cryoprotection, frozen on dry ice, and stored at Ϫ80°C. The brain was blocked and a series of 25-m coronal sections was cut on Fig. 1 . A: effect of injection of muscimol into caudal lateral/dorsolateral periaqueductal gray (l/dlPAG) on cardiovascular response to air jet stress. Mean values for heart rate (HR) and mean arterial pressure (MAP) over time (min) after microinjection of vehicle (VEH; 100 nl; F) or muscimol (MUS; 300 pmol/100 nl; E) into caudal l/dlPAG at t ϭ 5 min a cryostat from each brain starting anterior to the rostral PAG and extending caudally to the most posterior part of the PAG, collected in 0.01 M PBS (pH 7.4) and stored at Ϫ20°C in a cryoprotectant solution (mixture of 25% glycerol, 30% ethylene glycol in 0.2 M PBS) until subsequent analysis.
Immunocytochemistry was used to visualize fos protein in every fifth section from the l/dlPAG in all rats (52) . Briefly, sections were washed in 0.01 M PBS three times followed by treatment with 0.5% H 2O2 to block the endogenous peroxide activity from the tissue. The sections were again washed in PBS three times and then incubated in 0.5% Triton-X-100 in 0.01 M PBS for 30 min to facilitate antibody penetration. The sections were then transferred to 10% normal horse serum in 0.01 M PBS for 20 min to minimize nonspecific binding of the primary antibody (Sigma). After this period, the sections were incubated in polyclonal rabbit antisera against c-Fos (cat. # PC38; Calbiochem, San Diego, CA) at 1:10,000 dilution for 2 days at 4°C on a shaker. After this period, the sections were washed in 0.01 M PBS three times and then were incubated in biotinylated goat anti-rabbit IgG (1:200; Jackson ImmunoResearch, West Grove, PA) for 3 h at room temperature. After rinsing in PBS, sections were incubated in avidin-biotin-peroxidase complex (ABC Elite kit, Vector Laboratories) for 60 min. The sections were washed in PBS followed by a quick rinsing in 0.05 M Tris-buffer (pH 7.8). Staining was developed in freshly prepared Tris-buffer solution containing 0.025% diaminobenzidine tetrachloride, 0.06% nickel-ammonium sulfate, and 0.0027% H 2O2 for ϳ2 min to yield dark purple color in reacting nuclei, while minimizing nonspecific background staining. The color reaction was stopped by rinsing the sections in Tris buffer. The sections were mounted on charged slides and left to air dry for 24 -48 h. After dehydration in increasing concentrations of ethanol, the sections were washed four times in Histosol (National Diagnostics, Atlanta, GA). The slides were coverslipped in DPX-mounting solution (Fluka) and allowed to dry at least overnight before analysis. Fos-positive neurons were counted manually in the l/dlPAG and ventrolateral PAG in five sections from each rat at the level corresponding to the focus of the experiments above by an observer blinded as to treatment.
Data analysis. Telemetric data for HR and MAP were acquired continually during the baseline and experimental periods and were averaged over 4-min intervals for presentation and analysis. All data are expressed as means Ϯ SE. Data for HR and MAP for the entire 70-min observation period (i.e., from 10 min prior to a 20-min period of air jet stress to 40 min after its termination) were analyzed by two-way repeated-measures ANOVA with time and treatment as the two repeated factors using STATISTICA for Windows v 5.1 (StatSoft, Tulsa, OK), and Fisher's LSD test was employed for post hoc analysis. Plasma levels of ACTH were compared by Student's paired t-test, and numbers of Fos-positive neurons were analyzed by group t-test. For all statistical analyses, the critical P value was P Ͻ 0.05.
RESULTS
Baseline HR and MAP were not significantly different in any treatment group (Figs. 1-4) . After microinjection of vehicle, air jet stress from t ϭ 10 -30 min typically evoked marked increases in HR (mean maximal increase over baseline ϭ 124 Ϯ 3 beats/min for the period between 16 and 22 min), and more moderate increases in MAP (mean maximal increase over baseline ϭ ϩ19 Ϯ 1 mmHg; Figs. 1-4) . After bilateral microinjection of muscimol (300 pmol) into the caudal l/dlPAG, air jet stress evoked increases in HR and MAP that were significantly reduced throughout the period of stress (i.e., for HR, significantly different at 4-min time intervals at t ϭ 14, 18, 22, 26, 30, and 34 min) all or most (i.e., for MAP, significantly different at t ϭ 14, 18, 22, and 26 min) of the 20-min stress period (significant for interaction of treatment ϫ time and Fisher's LSD test, P Ͻ 0.05; see legend, Fig. 1 ). In contrast, stress-induced increases in HR and MAP were unaffected by identical microinjection of muscimol either into the rostral l/dlPAG (Fig. 2 ) or at the same rostrocaudal level but just outside of the caudal l/dlPAG (Fig. 3) .
In contrast to microinjection of muscimol, the microinjection of antagonists of glutamate receptors into the caudal l/dlPAG significantly affected the cardiovascular response to air jet stress only at the end of the stress period, that is, at the 4-min interval represented by the 30-min time point, and Fig. 4 . A: effect of injection of a combination of glutamate receptor antagonists (AP5 ϩ NBQX) into caudal l/dlPAG on cardiovascular response to air jet stress (n ϭ 6). Mean values for HR and MAP over time (min) after microinjection of VEH (100 nl; F) or glutamate receptor antagonist (AP5 300 pmol/100 nl ϩ NBQX 100 pmol/00 nl; E) into caudal l/dlPAG at t ϭ 5 min immediately following at the 34, 38, 42, and 46-min time points (significant for interaction of treatment ϫ time by two-factor ANOVA for repeated measures; see legend of Fig. 4) . Thus, microinjection of this combination of drugs shortened the time to recovery of baseline HR after termination of the stress.
Air jet stress dramatically increased plasma ACTH concentration from baseline in all experiments after microinjection of vehicle (i.e., from 38 Ϯ 9 pg/ml before to 986 Ϯ 256 pg/ml after air jet stress). Prior microinjection of muscimol (300 pmol/100 nl) into caudal l/dlPAG reduced the increases in the plasma ACTH concentration from baseline observed after air jet stress by more than 51% (i.e., to 489 Ϯ 91 pg/ml after air jet stress; Fig. 5) .
Compared with that seen in control rats, the number of Fos-positive neurons in the l/dlPAG region of rats exposed to air jet stress was significantly increased (mean number of Fos-positive neurons in l/dlPAG ϭ 125 Ϯ 28 in stressed rats vs. 37 Ϯ 14 in unstressed controls; Fig. 6 ). Stressed rats also displayed a similar pattern of increased Fos expression in the ventrolateral PAG (81 Ϯ 10 Fos-positive neurons in stressed rats vs. 26 Ϯ 8 in controls).
Postmortem histology confirmed that injection sites in all microinjection experiments for which data were analyzed were located in the rostral, caudal l/dlPAG, or just outside the latter region in the anatomic control group (Figs. 1-4) . In eight rats, one or both injection cannulas targeting the l/dlPAG were misplaced, and data from these animals were excluded from the above analysis. Injection sites in the rostral l/dlPAG were located ϳ6.6 mm caudal from bregma (Fig. 2) , while injection sites in the caudal l/dlPAG extended from 7.68 to 8.04 caudal to bregma (Figs. 1-4) . Figure 7 illustrates an example of typical injection sites in the rostral l/dlPAG and in the caudal l/dlPAG.
DISCUSSION
Our results show that microinjection of muscimol (300 pmol) into the caudal l/dlPAG reduces the increases in HR, MAP, and plasma ACTH seen in air jet stress. As an anatomical control, we examined the effect of similar microinjections of muscimol into sites neighboring sites dorsal to the l/dlPAG and also into sites 1.2 mm rostral in the same column of the PAG. In neither case did these injections alter responses seen during air jet stress. Thus, the anatomical resolution of this intervention is sufficient to indicate that the reduction in the air stress response after microinjection of muscimol into the caudal l/dlPAG is a consequence of specific inhibition of local neurons and not the result of spread of the drug to other areas. Various studies have shown that air stress elicits neuroendocrine and cardiovascular changes that resemble those observed in other types of acute stress (2, 29, 44, 46, 47, 54) . Stimulation of neurons in the caudal l/dlPAG of conscious rats results in flight responses accompanied by increases in HR and MAP that are similar to those observed during air jet stress in our experiments (4, 5, 9) . Our findings replicate the previous data showing that air jet stress produces increases in HR, MAP, and plasma ACTH in conscious rats and point to the involvement of neuronal activity in the l/dl PAG in the generation of these changes.
Because our physiological data suggested that neurons in the l/dlPAG are activated in this paradigm, we evaluated the effect of air jet stress on the expression of c-Fos, a marker for neuronal activation (19 -22, 24, 34) in a parallel set of experiments. Previous studies have reported that various paradigms for acute stress or anxiety such as immobilization, plus the maze test, and predator exposure can increase c-Fos expression in the l/dlPAG (3, 8, 40) . Accordingly, the number of fospositive neurons in the caudal l/dlPAG of rats subjected to air jet stress in the present study was greater than that seen in conscious unstressed rats. In fact, the distribution of fospositive neurons at this level of the PAG overall was similar in all three stressed rats, with increases also apparent in the ventrolateral PAG in every rat (control Ϫ26 Ϯ 8; stressed Ϫ81 Ϯ 10). This finding suggests that neuronal activity in the caudal l/dl PAG is increased during air jet stress and, therefore, supports our physiological data. Thus, our results indicate that activation of these same neurons may play a role in generating the cardiovascular responses evoked during emotional stress in rats.
Although our results clearly implicate neurons localized in the l/dlPAG in the increases in HR and MAP elicited by air jet stress, this conclusion is at odds with the finding of a previous report that studied the effect of excitotoxic lesions of this region. Lam and colleagues (26) found that NMDA-induced lesions of the dorsal PAG (including l/dlPAG) did not reduce the increases in HR or MAP evoked by air stress. However, it is important to note that the stress paradigm employed by Lam and colleagues was somewhat different from that studied here; the air jet was delivered for only 100 ms and directed at a point above the lumbosacral region of the rat rather than the face. This technique appears to have been much less effective in eliciting cardiovascular changes than the paradigm that was used in the present study. Indeed, the air stress employed by Lam and colleagues increased HR by only 27 beats/min above baseline, and this increase lasted for only 12 s. Interestingly, the inhibition of l/dlPAG neurons in our study failed to alter the HR or MAP response in the first minute of air jet stress. Thus, the short duration of the air stress paradigm and its effect on HR in the study of Lam and colleagues may have been insufficient to permit detection of the effect of their lesions of the l/dlPAG. Instead, their findings are in agreement with ours in suggesting that the pathways mediating the initial increase in HR produced by air jet stress may involve other mechanisms and central nervous regions.
To evaluate the role of ionotropic glutamate receptors in the l/dlPAG in the responses evoked by stress, we examined the effect of microinjecting a combination of an NMDA glutamate receptor antagonist (AP5) and a non-NMDA glutamate receptor antagonist (NBQX) into the caudal l/dlPAG. Many of the excitatory projections to the PAG are glutamate, and it is known that glutamate receptors are widely distributed throughout PAG (1, 50) . A similar dose of AP5 was able to reduce the tachycardia observed during air stress when microinjected into the DMH (44) . Also, Soltis et al. (42) showed that the microinjection of NBQX, at the same dose used in the present study, into the amygdala of conscious rats was able to reduce the increases in HR and MAP evoked by the microinjection of BMI in the same area. However, unlike muscimol, antagonists of these receptors microinjected into the l/dl PAG did not affect the increases in HR and MAP seen during air jet stress. Instead, this treatment did reduce the time to return to baseline HR after the end of the period of air jet stress. This more rapid recovery may reflect an anxiolytic effect of injecting these drugs into this area of the PAG. Molchanov and Guimaraes (33) have shown that microinjection of AP7, another antagonist of NMDA receptors, into the lateral PAG increases the exploration time in the open arm during an elevated plus maze test, and suggested that this reflected an anxiolytic effect (33). As discussed above, previous studies have shown that c-Fos expression is increased in the l/dlPAG in different paradigms for acute stress or anxiety, including immobilization, elevated plus maze test, and exposure to a predator (3, 8, 40) . Thus, the stress-induced neuronal excitation in the l/dl PAG that is dependent upon activity at glutamate receptors may be specifically related to an "anxiogenic" component of this paradigm that contributes to the maintenance of the evoked cardiovascular changes by blocking accommodation to the sustained stressor.
Interestingly, microinjection of muscimol (300 pmol) into the caudal l/dlPAG reduced the increases in plasma ACTH 6 . A: mean number Ϯ SE of Fos-expressing neurons in the caudal l/dlPAG in control rats (n ϭ 4) and in rats subjected to 20 min of air jet stress (n ϭ 3). Total for each rat represents the total number of fosexpressing neurons in five equivalent sections of l/dlPAG *Significant difference between air stress and control by unpaired t-test, P Ͻ 0.05 B: photomicrograph illustrating c-fos expression in the left caudal l/dlPAG of an unstressed control rat (left) and a rat subjected to 20 min of air jet stress. after 10 min of air stress by 51%. Our air jet stress paradigm caused a marked increase in plasma ACTH (ϩ906 Ϯ 106 pg/ml), presumably resulting from activation of CRH-containing neurons in the PVN that project to the median eminence and are thought to represent the final common pathway for stimulation of ACTH secretion from the anterior pituitary (31, 32) . However, Cameron et al. (7) have shown that none of the columns of the PAG send direct projections to the PVN. On the other hand, the l/dlPAG sends projections to the DMH (7, 38, 39) , a region that has been implicated in diverse stress-induced effects, including activation of the hypothalamic-pituitary-adrenal axis. Stotz-Potter and colleagues have shown that microinjection of muscimol into the DMH nearly abolishes the increases in HR and MAP seen in this paradigm and also reduces the accompanying increases in plasma ACTH levels (46) . Neurons in the DMH project heavily to CRH-containing cells in the PVN (30, 48, 49) , and these PVN-projecting neurons are known to be activated in experimental stress (13) . In conscious unstressed rats, blockade of GABA-mediated inhibitory tone in the DMH by local microinjection of the GABA A receptor antagonist bicuculline methiodide (BMI), evokes increases in HR, MAP, and plasma ACTH similar to those observed during air jet stress (14 -16, 23, 45) . Interestingly, Soltis and DiMicco (43) have shown that the cardiovascular responses produced by blockade of GABA A receptors in the DMH depend on activity at ionotropic glutamate receptors in this region. Thus, one possible explanation for the fact that inhibition of the l/dlPAG reduces the increases in ACTH levels seen in air jet stress is that neurons in this region represent a source of glutamatergic excitatory drive to neurons in the DMH that are ultimately responsible for this effect.
In contrast to the neuroendocrine response, the findings of da Silva et al. (15) seem to point to a role for a descending projection from the DMH to the l/dlPAG in the cardiovascular changes seen in this paradigm. They showed that microinjection of glutamate receptor antagonists into the l/dlPAG markedly reduced the increases in MAP and HR evoked by blockade of GABA A receptors in the DMH in conscious unstressed rats. Their results prompted them to conclude that neurons in the l/dl PAG must represent a major downstream relay for cardiovascular effects evoked from the DMH, interposed between neurons in the latter region and brain stem autonomic centers. If so, our results point to a complex bidirectional interaction between the PAG and the DMH in the generation of physiological changes seen in experimental stress. Clearly, more study is warranted to clarify this issue.
Perspectives and Significance
The current study provides evidence that neurons in the caudal l/dlPAG are activated during air jet stress and play a role in the associated cardiovascular and neuroendocrine response. Our results suggest that ascending input from neurons in this region of the PAG is responsible, in part, for the powerful activation of the hypothalamic-pituitary-adrenal axis evoked in this paradigm. The air jet stress model employed in this study is complex, involving components that are both physical (restraint, and perhaps cold owing to the dissipation of body heat produced by a constant stream of air) and psychological. Our findings provide no insight as to whether neurons in the l/dlPAG contribute more to the response to the physiological or psychological components of the model, but previous reports suggest a dominant role for the former (17, 18, 25, 51) . Nevertheless, this, as well as the exact placement and role of these neurons in the relevant stress-related forebrain circuitry, particularly with regard to the DMH, are yet to be fully elucidated.
